Articular cartilage and subchondral bone are the key tissues in osteoarthritis (OA). The role of the cancellous bone increasingly attracts attention in OA research. Because of its fast adaptation to changes in the loading distribution across joints, its quantification is expected to improve the diagnosis and monitoring of OA. In this study, we simulated OA progression-related changes of trabecular structure in a series of digital bone models and then characterized the potential of texture parameters and bone mineral density (BMD) as surrogate measures to quantify trabecular bone structure. Five texture parameters were studied: entropy, global and local inhomogeneity, anisotropy and variogram slope. Their dependence on OA relevant structural changes was investigated for three spatial resolutions typically used in micro computed tomography (CT; 10 lm), high-resolution peripheral quantitative CT (HR-pQCT) (90 lm) and clinical whole-body CT equipment (250 lm). At all resolutions, OA-related changes in trabecular bone architecture can be quantified using a specific (resolution dependent) combination of three texture parameters. BMD alone is inadequate for this purpose but if available reduces the required texture parameter combination to anisotropy and global inhomogeneity. The results are summarized in a comprehensive analysis guide for the detection of structural changes in OA knees. In conclusion, texture parameters can be used to characterize trabecular bone architecture even at spatial resolutions below the dimensions of a single trabecula and are essential for a detailed classification of relevant OA changes that cannot be achieved with a measurement of BMD alone.
Introduction
Osteoarthritis (OA) is a whole-organ disease characterized by cartilage degeneration, osteophyte formation, sclerosis and other structural degenerations of subchondral cancellous bone. Articular cartilage deterioration is historically regarded as the primary cause of OA. However, there is ongoing debate whether changes in subchondral bone architecture may also have an important role in particular during the initial phases of the disease. Animal models suggest that changes in the subchondral bone structure can happen at a very early disease stage. 1 OAdriven changes in the loading patterns across joints lead to an increased rate of bone remodeling. 2 This causes modifications in the architecture of the fine trabecular network [3] [4] [5] and, probably as a consequence, in bone mineral density (BMD). 6 Although dedicated research magnetic resonance imaging (MRI) sequences exist to measure trabecular architecture in the apendicular skeleton, BMD cannot be quantified with MRI. Also, the sequences used for the assessment of the trabecular bone structure are not widely available. Another problematic feature of MRI is the long scan time. Thus, quantitative CT (QCT) may be a complementary imaging procedure. BMD can easily be quantified and scan times are short; a complete knee can be imaged within seconds. QCT is an x-ray-based method, but in the apendicular skeleton radiation exposure is low.
State-of-the-art clinical whole-body CT scanners provide an isotropic spatial resolution of up to 250 mm. Nevertheless, individual trabeculae with an average diameter between 100 mm and 200 mm 7-9 still cannot be resolved adequately. Binarization of the CT images prior to the quantification of bone structure is one approach often applied in the literature, [10] [11] [12] but it requires a binary decision rule on what is bone and what is soft tissue. An alternative method is the calculation of texture parameters directly from the gray value distribution of the CT data set avoiding the process of binarization. Obviously, with respect to the quantification of trabecular structure, texture parameters, as well as BMD, are surrogate measurements, and the question arises how well-measured changes in these surrogate parameters represent true changes in the subchondral trabecular architecture under OA progression.
It is the aim of the present work to identify texture parameters that can be measured in CT images and to determine to which extent they accurately quantify changes of subchondral trabecular architecture under OA progression. For this purpose, modifications of the trabecular bone architecture and mineralization, which are known to occur in OA, were simulated using a digital bone model introduced recently to simulate effects of bone architecture variations on texture and BMD at spatial resolutions of CT, HR-pQCT and microCT scanners. 13 
Results

Differentiation of bone model series
If all five texture parameters were used in the multivariate discriminant analysis, the hit ratios for model series separation were 99.4%, 100% and 96.7% for voxel sizes of 10 mm, 90 mm and 250 mm, respectively. Very high hit ratios were also achieved with the following parameter combinations: global inhomogeneity, anisotropy and local inhomogeneity at 10 mm (100%); variogram slope, local inhomogeneity and entropy at 90 mm (98.6%); and local inhomogeneity, anisotropy and entropy at 250 mm (97.8%).
If only BMDup1 and BMDup2 were considered, anisotropy, local inhomogeneity and variogram slope as single independent variables each showed hit ratios of 100% at 10 mm. At 90 mm, local inhomogeneity alone still showed a hit ratio of 94.4%, which was increased to 100% if any of the four other texture parameters was added. At 250 mm, anisotropy alone showed a hit ratio of 94.4%, which was increased to 100% if any other texture parameter, except entropy was added. Table 1 shows the coefficients of determination (R 2 ) of BMD and texture parameters, either alone or in combinations with parameters rod diameter, rod number and plate thickness used to define the trabecular structure. Variations in rod number and plate thickness could be assessed relatively well by anisotropy and variation of rod diameter by global inhomogeneity. However, with a few exceptions, R 2 -values with individual texture parameters were low to moderate. In contrast, the combination of all texture parameters achieved R 2 -values 40.85. BMD also predicted structural parameter changes only moderately (R 2 o0.57). The addition of BMD to the combination of texture parameters has little extra effect.
Differentiation of trabecular bone structure independent of bone model series
Dependence of texture on OA progression
In the following, 'OA progression' describes the modification of the trabecular structure from early-to end-stage disease. This disease progression was simulated by the transitions from model 1 to model 10 in each of the four series defined in Tables 2-5 . Figures 1-4 show the results obtained in the different simulated models for voxel sizes of 10, 90 and 250 mm, respectively, when both the texture parameters and BMD were taken into account. In each diagram, the model number of the respective series is plotted on the x axis. Thus, OA progression proceeds from left to right. The illustrated data points are mean values of 10 measurements each, using random noise with a s.d. of 30 HU. The error bars represent the s.d. of the 10 measurements. However, with the exception of entropy, they were too small to be visible in the diagrams.
The analysis of variances (ANOVAs) carried out for each diagram in the four figures showed significant differences among all models of a given series and all voxel sizes for all texture parameters with the exception of entropy at 250 mm and of course for BMD in series BMDconst. The Tukey's HSD (honestly significant difference) tests confirmed that differences in texture or BMD between any two models were significant in all diagrams with the two exceptions listed above. This means that measures are different, but to select the parameter that described OA progression best, a multiple linear regression with forward selection was carried out for each model series. 
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In series BMDconst (Figure 1 ) all texture parameters, with the exception of anisotropy, were increasing or decreasing monotonically at all voxel sizes. Furthermore, their 'curve shapes' were qualitatively constant among voxel sizes. The multiple linear regression analysis showed that global inhomogeneity best predicted OA structural changes at voxel sizes of 10 and 250 mm. At 90 mm, variogram slope performed slightly better compared with the other parameters. At all voxel sizes, just one texture parameter suffices to measure the structural variation. However, as obvious in Figure 1 , all texture parameters showed nearly the same prediction. As expected, BMD was not able to predict OA progression in this model series.
Series BMDup1 ( Figure 2 ) was constructed with increasing BMD and decreasing rod number. At 10 mm, all parameters were increasing or decreasing monotonically. Global inhomogeneity was the only parameter with qualitatively constant curve shapes throughout all voxel sizes. For entropy, structure-dependent changes were irregular at higher voxel sizes. For local inhomogeneity, anisotropy and variogram slope, the sign of the gradients changed between 10 and 250 mm. Comparing 10 and 250 mm voxel sizes, a decrease/increase in local inhomogeneity was accompanied by an increase/ decrease in anisotropy and a decrease/increase in variogram slope. Of course, BMD could also be used to predict OA progression in this model series.
Series BMDup2 ( Figure 3 ) was built with increasing BMD and constant rod number. At 10 mm, the curves for global inhomogeneity and entropy were almost identical to the corresponding curves in series BMDup1. In contrast, the slopes for local inhomogeneity, anisotropy and variogram slope had different signs at BMDup1 and BMDup2. At 90 mm, global inhomogeneity and anisotropy showed almost identical curves at BMDup1 and BMDup2, respectively. The other parameters did not show linear behavior at either model serie. At 250 mm, the curves for global inhomogeneity and variogram slope were qualitatively equal for BMDup1 and BMDup2. Again, global inhomogeneity showed qualitatively constant curve shapes at all voxel sizes with only slightly different slopes. BMD could also be used to predict OA progression in series BMDup2.
Series BMDdown ( Figure 4 ) was built with decreasing BMD. Again, entropy was very sensitive to noise, especially at 250 mm, and different structures could not be distinguished, as confirmed by Tukey's HSD test. All other parameters showed qualitatively equal behavior among different voxel sizes. Abbreviations: BMD, bone mineral density; BV/TV, bone volume/total volume; OA, osteoarthritis. Abbreviations: BMD, bone mineral density; BV/TV, bone volume/total volume; OA, osteoarthritis. 
Diagnostic power: impact of noise on the quantification of OA progression Table 6 compares texture parameter changes caused by image noise with the changes of the same texture parameter caused by OA progression. Specifically, the numbers in the table show which change in image noise results in the same change in a texture parameter as structural differences between models 1 and 2, models 1 and 6 and models 1 and 10. Global inhomogeneity was only marginally affected by noise, whereas entropy and local inhomogeneity were very sensitive to noise. Results for anisotropy and variogram slope were in between. The results for diagnostic power according to equation 1 are also presented in Table 6 . Global inhomogeneity clearly exceeded the performance of other 
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T Lowitz et al texture parameters. Entropy showed the lowest diagnostic power.
Discussion
As the trabecular network quickly adapts to alterations in joint loading, the quantification of trabecular subchondral bone structure may have a great impact on the diagnosis and monitoring of OA. Increasing efforts have been made to develop imaging biomarkers on the basis of conventional radiography 5,14-18 and MRI [19] [20] [21] [22] [23] [24] to quantify subchondral bone architecture changes in vivo and microCT has often been used to assess trabecular structure in bone specimen. [25] [26] [27] [28] However, to the best of our knowledge, only one study used CT to OA-related changes in trabecular bone T Lowitz et al investigate the structure of subchondral trabecular bone in vivo in human OA hips. 29 The authors found significant correlations between bone structure and joint space parameters. The use of texture parameters derived in CT images is challenging and therefore requires a thorough and systematic validation step. This has often been neglected. A digital bone model, such as the one used in the present work, is an essential tool to understand the response of texture parameters to changes in bone architecture during OA progression. This is also a promising approach for the In the present work, four model series with different BMD gradients (BMDconst, BMDup1, BMDup2 and BMDdown) were examined. Together, they cover the large variation of bone structure modifications reported during OA progression. These models were used to investigate which surrogate parameters could be measured to assess changes in trabecular bone structure and mineralization during OA progression. On the basis of our results, we suggest a two-tiered approach to use BMD together with bone texture: at the first level, the type of structure modification causing OA progression is identified. At the second level, the OA progression is quantified in terms of structural modifications. In other words, at level 1 the model series is identified and at level 2 the 10 models within the selected series are differentiated. Selection of the best parameter(s) to measure was carried out for two scenarios: BMD and bone texture parameters used together (S1) or texture parameters used alone (S2) ( Figure 5) .
BMD is a good starting point as it can be measured easily and with good precision with low radiation QCT. 34 Obviously, longitudinal BMD measurements alone enable identification of the model series (level 1) but do not allow further discrimination of BMDup1 and BMDup2 ( Figure 5 ). In addition, in series BMDconst, OA progression cannot be quantified by BMD (level 2). Thus, structural changes in OA progression cannot be identified by an isolated BMD measurement, except in the scenario of series BMDdown, where mineralization decreases with OA progression, whereas structure remains constant. In this case, the pair-wise separation of two models is not improved by adding information about the other texture parameters. However, if BMD increases or remains constant, additional measurements such as texture parameters are required if information on structural changes is desired. The results in Table 1 confirm that BMD alone is not an appropriate measurement to differentiate changes among bone structure parameters.
If BMD is available (S1), then the following analysis strategy will succeed: BMD plus anisotropy can be used to uniquely identify the model series (level 1). Then, quantification of structural modifications (level 2) can be performed using global inhomogeneity for series BMDconst (Figure 1) , BMDup1 ( Figure 2 ) and BMDup2 (Figure 3 ) or using BMD for series BMDdown (Figure 4) .
If BMD cannot be derived (S2)--for example, because of the lack of calibration data--the analysis strategy becomes more difficult, in particular because it depends on spatial resolution. As shown in the result section, at 10 mm the combination of anisotropy and global and local inhomogeneity is necessary to identify the model series. At 90 mm, a combination of variogram slope, local inhomogeneity and entropy is the best, whereas at 250 mm, local inhomogeneity, anisotropy and entropy should be selected. Then, at level 2, global inhomogeneity is adequate in all cases to quantify structural modifications ( Figure 5 ).
An important result from the present study is that BMD as well as any bone texture parameter used in isolation is inadequate to quantify structural changes with OA progression, whereas a combination of texture parameters without BMD is efficient for this purpose. This is confirmed in Table 1 reflecting the results of the multiple linear regression analysis for the differentiation of the trabecular bone structure independent of the association with a model series. Here results of all 40 models were included in one statistical analysis. Nevertheless, including a BMD measurement is advisable, despite the power of the texture parameters, in particular at lower spatial resolutions--that is, when using clinical whole-body CT scanners. Then, S1 in Figure 5 is the recommended analysis strategy.
As seen from Figure 5 , global inhomogeneity is the most important texture parameter for the analysis of OA-related structural changes. Its low noise sensitivity was exemplified for series BMDconst in Table 6 . Moreover, global inhomogeneity is the only texture parameter showing linear behavior in all model series, independent of spatial resolution, and is characterized by high percentage changes across models, which varied only slightly with spatial resolution.
The present study has limitations. One is the categorization into four different model series representing trabecular architecture changes associated with OA progression. It can be expected that in true OA progression additional irregular architectural changes appear, which could result in different responses of texture parameters. Also, mixture variations from the four model series will appear. Consequently, the analysis approach illustrated in Figure 5 has to be treated with caution and is not intended to be directly used in the treatment of knee OA patients. Nevertheless, the changes applied to the basic trabecular bone model in the present work are manifold and nicely match reported OA-related bone structure changes.
Structural changes within a model series may also be smaller compared with simulated in the ten models, but determination of least significant changes was not the aim of this study.
A third limitation appears to be the limited number of texture parameters used in the analysis. Indeed, several other parameters characterizing structure can be found in the literature. 
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For example, fractal parameters have been used to characterize trabecular structure on 2-D radiographs 5, 18, 35, 36 but have rarely been applied to three-dimensional CT data sets. [37] [38] [39] The five texture parameters used in this study are easy to calculate, and their use in isolation or in combination with BMD was able to distinguish the model type and to quantify the change in the trabecular bone structure. Thus, we see no need for adding additional parameters unless a single new one was able to replace several of the parameters used in this study. We also did not evaluate the potential of direct structural measurements to quantify OA progression. For example, recently advanced imaging processing methods have been reported to quantify trabecular number accurately in in vivo images of the spine. 33 In conclusion, the extensive simulations show that a combination of texture parameters is able to quantify OA-related structural changes in the human trabecular bone network of the knee, even at spatial resolutions achievable with clinical CT equipment. Even if BMD can be obtained, additional texture measurements are essential to fully characterize changes in the trabecular bone structure, whereas BMD as a single analysis parameter is not able to fulfill this task.
Materials and Methods
Trabecular bone model
The basic digital bone model used to simulate OA-related architectural changes of the trabecular bone network is shown in Figure 6 . This model was constructed as a combination of plates and rods representing an average human trabecular bone structure. It consisted of 11 Â 11 cylindrical rods with a diameter of 200 mm and a spacing of 700 mm. The rods were equidistantly interleaved by nine parallel plates with a thickness of 200 mm and a spacing of 1000 mm, which were arranged perpendicular to the rods. This construction resulted in a bone volume/total volume (BV/TV) of 20%. The CT values for bone and soft tissue/fat were 800 and À 50 HU, respectively. The half cylinders were included to provide a more general bone model by partially breaking its symmetry. A more detailed description of the digital model can be found in an earlier publication. 13 Image acquisitions were simulated by resampling the structure, resulting in voxel sizes of 10, 90 and 250 mm, respectively, matching typical voxel sizes of microCT, HR-pQCT and wholebody clinical CT scanners. Gaussian noise with a s.d. of 30 HU was added to the final data. This noise magnitude nicely matches values found in in vivo CT data sets with medium reconstruction kernels. 40 Furthermore, different spatial resolutions and noise levels investigated in the present work simulate the effect of different reconstruction kernels.
OA progression modifies trabecular bone structure in several ways, but published studies on this subject were often inconsistent, which was partly caused by discrepancies in experimental conditions such as differences in disease stage and heterogeneity of OA models. For example, it is unclear whether in OA BMD increases, 41 decreases 42 or does not change at all. 43 There is evidence that BV/TV considerably Figure 5 Summary of statistical analysis steps to demonstrate abilities and limitations of BMD and texture parameters as surrogate measures for trabecular bone structure: at level 1, the type of structure modification (series) causing OA progression is identified. At level 2, the OA progression (model number in series) is quantified in terms of structural modifications. Abbreviation: BMD, bone mineral density.
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increases along with hypomineralization of trabeculae, 44, 45 and most studies also reported an increase in trabecular thickness. 46, 47 In contrast, reported findings concerning changes in trabecular number are ambiguous: an increase 44 as well as a reduction 47 has been reported.
To address all options discussed in these publications, in the present study four different model series were created from modifications of the basic model to simulate OA progress. These four series cover the range of possible changes of bone mineralization and architecture during OA progression resulting in constant, increased or decreased BMD. All four series were constructed by modifying the basic trabecular model ninefold each, resulting in 10 different models per series. Therefore, overall 40 models (models 1-10 in four series) were examined. In each series, model 1 represented the basic model, which was identical in all four series.
In the first series, the rod diameter was increased stepwise by 20 mm, the rod number remained constant and the plate thickness was increased from 200 to 310 mm, resulting in an overall increase in BV/TV from 20 to 38% in steps of 2% ( Table 2) . Concurrently, mineralization was reduced, resulting in constant BMD in all 10 models. This series was named BMDconst. BMDconst, just like the series introduced in the following, consisted of 10 different models (named model 1 to model 10). In two other series, BMDup1 and BMDup2, BMD increased, which could result, for example, from an increase in BV/TV at constant tissue mineralization. BMD increases among models were identical in BMDup1 and BMDup2, but the underlying structural changes differed. In series BMDup1, the BV/TV increase was achieved by an increase in rod and plate thickness accompanied by a reduction in rod number ( Table 3) . In series BMDup2, the same BV/TV increase was achieved by an increase in rod thickness accompanied by constant plate thickness and rod number ( Table 4) .
In a fourth model series (BMDdown), decreasing BMD was simulated assuming hypomineralization without any structural changes and therefore constant BV/TV ( Table 5 ). Here, BMD decreased at the same rate as it increased in BMDup1 and BMDup2.
Impact of image noise
Gaussian noise with a s.d. of 30 HU as measured in typical in vivo images 40 was added to the models of all four series. The randomness of the noise distribution was simulated by adding noise repetitively 10 times, each time using different starting conditions of the random generator. In summary, for each of the 40 models, 10 different data sets were generated. For a given model, mean values and s.d. of these 10 data sets are reported for each texture parameter and for BMD. To examine the robustness of texture parameters with respect to noise, these s.d. were compared with the changes caused by variation of structure (models 1-10 in each series).
Analysis
Texture parameters. Five texture parameters described in detail in Lowitz et al. 13 were used for the quantification of bone architecture: entropy, global and local inhomogeneity, anisotropy, and variogram slope. They were directly calculated from the gray value distribution of the data sets without prior binarization. These five texture parameters were preselected from a larger number of parameters. A detailed description of the preselection process is beyond the scope of this manuscript, but, briefly, parameters were in particular selected on the basis of their monotonic response to changes of OA-related structure modifications across different spatial resolutions. A detailed study on non-OA-related changes of bone structure has been published earlier. 13 Practically, in each of the four model series a texture parameter should show a progressive increase or decrease with the change from model 1 to 10. The parameters excluded in the preselection process, such as fractal dimension (using differential box-counting 48 ) ( Figure 7) or lacunarity, 48 violated this condition. 
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In addition to a monotonic response, the variation of noise should have lower impact on the surrogate measurements compared with structural changes. Varying noise levels may occur between longitudinal acquisitions with differences in image acquisition or reconstruction protocols. In summary, a surrogate parameter should demonstrate highly linear variation with OA-related structural changes and should only slightly depend on noise.
Statistics. The first part of the analysis was dedicated to the differentiation of the four different series. Linear discriminant analyses were carried out to determine how well texture parameter combinations could differentiate the four series BMDconst, BMDup1, BMDup2 and BMDdown. Results are given as hit ratios representing the ratio of correctly classified series by the discriminant functions. In the discriminant analysis, the texture parameters served as independent and the four series as dependent parameters. A four-class classification was used instead of a multiple pair-wise classifications. One hundred texture parameter measurements were used for each series--that is, 10 model series by 10 measurements. BMD was not included in this part of the analysis as by definition of the series BMD can be used to exactly differentiate BMDconst, BMDdown and the combined series BMDup1 and BMDup2. A second discriminant analysis using texture parameters to differentiate BMDup1 and BMDup2, which cannot be separated by BMD, concluded the first part of the analysis.
A more subtle question is whether any of the parameters including BMD can detect changes of the underlying structural modifications independent of the somewhat artificial division into series? This may be important to understand the pathology of OA and the effect of pharmacological treatment. Thus, in a second analysis part a multilinear regression analysis was applied using the structural parameters as dependent and BMD and/or texture parameters as independent variables.
In the third analysis part for each model series a multiple linear regression analysis with forward selection was performed to determine those texture parameters that best predicted OA structural changes. Consequently, for each analysis parameter 400 measurements were included--that is, 4 models series by 10 models by 10 measurements with different starting conditions of the random generator simulating noise. This was a valid approach as the aim of this analysis was to reveal the ability of BMD and texture measurements to determine structural parameters independent of specific model series. Then again for all series, but now separately for each texture parameter, an ANOVA was performed to investigate whether noise had a significant influence on the results of the texture parameters. If this was the case, a post hoc Tukey's HSD test was added to test pair-wise differences among the 10 models of the series.
All analyses were carried out independently for the three different voxel sizes 10, 90 and 250 mm. For all statistical tests, a P-value of o0.05 was considered statistically significant. All statistical analyses were carried out using IBM SPSS Statistics version 21.0. 49 Diagnostic power. Finally, in analogy to the diagnostic power defined in, 50 a figure of merit was calculated from the BMDconst series using the following relation:
Du
As shown earlier, 13 a change in noise (Dnoise) changes the absolute value of a texture parameter. Thus, it is of interest what noise-related change in a texture parameter would result in an equal change (response diag ) caused by structural differences between models. A higher noise sensitivity of a parameter results in lower diagnostic power. Three different response diag values were calculated: between models 1 and 2; models 1 and 6; and models 1 and 10, respectively. This selection covers small, intermediate and large structure variations. The required Dnoise to give the same response in a given texture parameter was calculated from noise-texture relationships published earlier. 13 
